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Resistance to infection is the ability of the host to evoke a strong immune response sufficient
to eliminate the infectious agent. In contrast, maternal tolerance to the fetus necessitates
careful regulation of immune responses. Successful pregnancy requires the maternal host
to effectively balance the opposing processes of maternal immune reactivity and tolerance
to the fetus. However, this balance can be perturbed by infections which are recognized as
the major cause of adverse pregnancy outcome including pre-term labor. Select pathogens

Keywords: > ; P | !
prggnancy also pose a serious threat of severe maternal illness. These include intracellular and chronic
Infection pathogens that have evolved immune evasive strategies. Murine models of intracellular

Immune response bacteria and parasites that mimic pathogenesis of infection in humans have been developed.
Inflammation While human epidemiological studies provide insight into maternal immunity to infection,
Mouse experimental infection in pregnant mice is a vital tool to unravel the complex molecular
Abortion mechanisms of placental infection, congenital transmission and maternal illness. We will
Pre-term labor provide acomprehensive review of the pathogenesis of several infection models in pregnant
mice and their clinical relevance. These models have revealed the immunological function
of the placenta in responding to, and resisting infection. Murine feto-placental infection
provides an effective way to evaluate new intervention strategies for managing infections
during pregnancy, adverse fetal outcome and long-term effects on the offspring and mother.

Crown Copyright © 2012 Published by Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Mammalian pregnancy poses a unique challenge for
the maternal immune system; tolerance needs to be
maintained to the semi-allogenic fetus while effectively
retaining immune reactivity to protect the mother and
fetus from deleterious effects of infections. Infectious
agents can reach the feto-placental compartment either
through the hematogenous route or ascend the genital
tract. Interestingly, the amniotic fluid and fetal-maternal
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membranes are often not sterile even in healthy term
pregnancies (Witkin et al.,2011). Therefore, clearly mecha-
nisms must be operative to prevent and/or limit microbial
proliferation and/or its pathological consequences at the
feto-maternal interface. Indeed, the placenta has been sug-
gested to act as fortress against infections (Robbins and
Bakardjiev, 2012). Nevertheless, some pathogens breach
the placental barrier or intrude the amniotic cavity lead-
ing to excessive inflammation recognized as a major
cause of pre-term birth (Redline, 2004). A strong maternal
cell-mediated immune response to infection can also com-
promise fetal health evenin the absence of pathogens in the
reproductive mucosa (Krishnan et al., 1996b). Much of our
knowledge on immunity to infection during human preg-
nancy is gained from retrospective epidemiological studies
or in vitro infection of placental cultures. Experimental
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Murine feto-placental infection models.
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Infectious agent Mouse strain and Placental Pregnancy outcome Maternal illness Immune phenotype
infection route infection (altered relative to
non-pregnant)
Bacteria
Listeria monoytogenes BALB/c, C57BL/6 (i.p.,  YES Resorptions NO Th1, neutrophil activation
iv., p.o.) at feto-maternal interface
Salmonella enterica 129X1/Sv] C57129F1 YES Resorptions YES (severe and fatal)  Placental inflammation,
Typhimurium (iv., ip., p.o.) increased serum IL-6,
reduced IL-12 and splenic
NK response
Fusobacterium nucleatum C57BL/6 (i.v.) YES Resorptions, still birth  NO Induces strong IL-8
response
Chlamydia muridarum C3H/He] NA NA NA Th1 response
Chalmydophila abortus C57BL/6 (i.p. and i.v., YES Resorption MILD (resolved) IFN-vy and neutrophil and
in,ig.) NK cell activation
Coxiella burnetti BALB/c YES Still birth Endocarditis Chronic
Brucella abortus BALB/c YES VARIABLE NO Placental IFN-y
Parasites
Leishmania major C57BL/6 NO Resorptions YES Classic Th1-Th2 imbalance
Plasmodium chabaudi and ~ C57BL/6 YES Resorptions, MILD Placental inflammation
Plasmodium berghei Intrauterine growth (increased MIP-1a, CCL3,
retardation IFN-y)
prematurity, still birth,
post-natal mortality
Toxoplasma gondii BALB/c, C57BL/6 p.o., YES (in acute Resorption (in acute YES Classic Th1-Th2 imbalance
ip. infection) infection)
Trypanosoma cruzi BALB/c (i.p.) NO Resorptions No Th1 response
Schistosoma mansonii C57BL/6 NO Vertical transmission ~ MILD Th2 response
Viruses
Influenza BALB/c (i.v., i.n.) NO No adverse effect YES (severe) Elevated pulmonary
inflammation (MIP-1q,
IL-6, TNF-a and neutrophil
infiltration)
Cytomegalovirus BALB/c YES Hearing impairment in NO Unknown

(intra-placental)

neonate

Abbreviations: p.o., per oral; i.n., intranasal; i.v., intravenous; i.p., intraperitoneal; NA, not available.

infection evoked in pregnant mice is an excellent tool to
elucidate in vivo mechanisms of maternal resistance to
infection and fetal tolerance to pathogen-associated dan-
ger signals. This review commences with a commentary on
the suitability of mice as a model to study human gestation
and immunity to infection. It then focuses on the various
murine models of infections in pregnancy (Table 1) and
their clinical relevance concluding with potential future
avenues of research.

2. Mouse model of gestation

The use of mouse as a model to understand regula-
tion of immunity to infection during gestation is based
on a degree of similarity in the key events of gestation:
implantation, placentation and parturition. Furthermore,
similarity exists in the nature of immune cells that traverse
the feto-placental interface and regulatory networks that
protect the fetal allograft.

2.1. Implantation

Gestation in mice is 20 days when counted from the
day 1 of vaginal plug formation. Similar to humans, the
harmonized action of progesterone and estrogen secreted
from the corpus lutea prepares the uterus for implantation.

Uterine circulation is provided through blood vessels bun-
dled at one side, named the “mesometrial side” (Lim and
Wang, 2010). Attachment of the blastocyts to the luminal
epithelium on the opposite side (anti-mesometrial side)
occurs between days 4.0 and 4.5 and coincides with
increased vascular permeability. The luminal epithelium
undergoes apoptosis allowing the blastocyt to attach to the
uterine lining and trophoblastic cells burrow the stroma
inducing cell proliferation (decidualization). The maternal
decidua lining encases the fetus and placenta initially but
upon placentation is reduced to a thin anterior cap of cells.
Intriguingly, even though human gestation is 280 days, the
window of implantation is early, 5-9 days after ovulation
and the processes are similar to those described for mice
above (Lim and Wang, 2010).

2.2. Placentation

The placenta is a vital organ with physiological,
endocrine and immunological functions. Both mice and
humans have an invasive hemochorial placenta resulting
in close opposition of fetal and maternal blood and cells
(Fig. 1). The trophoblast layer of the placenta arises from
the outer trophectoderm of the blastocyst, and trophoblast
differentiation can be discerned by day 4.5 (Rossant and
Cross, 2001). The distinct trophoblast layers that comprise
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Fig.1. Schematic diagram of mouse and human placenta. Top panel is a cartoon image of the human and mouse placenta respectively indicating orientation
of the maternal decidua, spiral artery and trophoblast layers. A transverse section of the area indicated by the inset box in each image is shown in the
bottom panel to highlight the cellular details. (a) List of cells and structures that are similar between human and mouse placenta. (b) Cells and structures
distinctive to the human placenta. (c) Comparative cells and structures seen in the mouse placenta.

the mouse placenta include; the labyrinth (comprising the
multinucleated syncytiotrophoblast, villous chorionic tro-
phoblast, blood vessels and stroma) which is supported by
a compact layer of non-syncytial spongiotrophoblast and
an outermost layer of giant trophoblast cells. The mater-
nal blood supply passes the sphongiotrophoblast via a large
central spiral artery which is remodeled post-implantation
when trophoblast cells erode the endothelial cells. The
maternal blood enters into tortuous spaces in the labyrinth
where it bathes directly with the fetal villi, ensuring easy
material exchange between the maternal and fetal blood
systems. The fetal vasculature of the placenta is connected
to the developing fetus by the umbilical cord (Fig. 1). In
humans the extensive spiral artery remodeling culminates
in the chorionic villi structure comprised of the syncy-
tiotrophoblast and villous cytotrophoblast that is bathed in
maternal blood (Fig. 1) and is analogous in function to the
labyrinth of the mouse placenta. The outer column of the
cytotrophoblast and extra villous trophoblast (akin to giant
trophoblast cells in mouse) comprise the invasive interface
with the uterus (Rossant and Cross, 2001).

2.3. Immune cells at the feto-maternal interface

A number of maternal immune cells traverse the feto-
maternal interface and have variable roles to play through
the course of gestation. Murine gestation has served as a
convenient model to map the localization and movement
of immune cells at the feto-maternal interface using tech-
niques such as flow cytometry, histochemistry and most
recently whole mount staining microscopy (Croy et al.,
2012). The emerging concept is that immune cells at the

feto-maternal environment are predisposed to tolerance
in the absence of sufficient “danger” signals (Mor, 2008).
Below, we provide a brief description of the immune cells
and their temporal regulation in response to the changing
needs of the fetus.

The maternal decidua comprises as much as 30-40%
leukocytes in early pregnancy and the major sub-
sets include uterine NK (uNK) cells, dendritic cells,
macrophages and T cells (Warning et al., 2011). Decidu-
alization is tightly regulated inflammatory process which
prepares the uterine bed for blastocyst implantation.
Firstly, dendritic cells and uNK cells regulate stromal cell
differentiation and the vascular response associated with
spiral artery remodeling (Blois et al., 2011). In mice, the
number of DCs and uNK cells increase at the feto-placental
interface coinciding with implantation (Blois et al., 2011).
The numbers of uNK cells increases to 50-70% of the
leukocyte population by day 7, declining substantially in
numbers by gestational day 9 (Croy et al., 2012). Depletion
of DCs precipitates implantation failure (Krey et al., 2008).
In the human endometrium, uNK cells emerge immediately
post-ovulation (Blois et al., 2011). In mice depletion of uNK
cells results in a hypo-cellular and necrotic decidua, but
more importantly an undilated spiral artery and abnor-
mal placental architecture (Croy et al., 2003; Guimond
et al., 1997). Peripheral NK cells are cytotoxic, whereas
uNK cells have distinct phenotype and function (Croy
et al., 2003; Moffett-King et al., 2002). Firstly, uNK cells
are CD56"ight/CD16 (Moffett-King et al., 2002) in contrast
to peripheral NK cells that are CD569M/CD16* (Campbell
etal,, 2001). CD16 is directly involved in triggering lysis of
target cells, thus uNK cells lacking CD16 expression exhibit
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reduced cytotoxicity and switch function to IFNvy produc-
tion (Croy et al., 2003; Moffett-King et al., 2002). The uNK
cells invade the decidua basalis, which in both humans and
mice triggers production of factors and cytokines such as
leukemia inhibitory factor (LIF), IL-1, IL-6, IL-11, IFN+y, vas-
cular endothelial growth factor (VEGF), TGF-3 and IL-15
that facilitate successful implantation by modulating uNK
cell maturation, angiogenesis and trophoblast differenti-
ation (Blois et al., 2011; Croy et al., 2003). Importantly,
ulNK cells and DCs cross-regulate the function of the other
during decidualization to balance angiogenesis with overt
inflammation (Gonzalez et al., 2012).

Macrophages are present within the decidual com-
partment and have been implicated with pro-angiogenic
functions during implantation (Nagamatsu and Schust,
2010). However, as professional antigen presenting cells
macrophages may recognize allogeneic fetal antigens,
and also mediate defense against infectious agents. The
functional maturation of macrophages has been recently
categorized into M1 and M2 analogous to T helper 1
and 2 (Th1/Th2) polarization of CD4 T cells (Sica and
Mantovani, 2012). Macrophages (M1) activated under the
influence of proinflammatory cytokines and danger sig-
nals secrete inflammatory cytokines such as TNF and IL-12,
whereas M2 macrophages are polarized by exposure to
Th2 cytokines and are characterized by enhanced scav-
enger and mannose receptors, reduced nitric oxide and
IL-12 production (Sica and Mantovani, 2012). The polar-
ization of decidual macrophages to the M2 phenotype
has been seen in both murine and human pregnancy
(Nagamatsu and Schust, 2010) and may be a mechanism of
regulating immune tolerance. However, a recent report of
human decidual macrophages suggests a greater plasticity
among CD15" decidual macrophages which may be either
CD11cM or CD11c®Y capable of inflammatory and anti-
inflammatory responses respectively (Houser et al., 2011).
Indeed, decidual macrophage functions are important to
control response to infections, as depletion of macrophages
was shown to increase susceptibility to Listeria monocyto-
genes infection in mice (Guleria and Pollard, 2001).

Adaptive T cell immunity is necessarily restrained dur-
ing pregnancy to protect the fetal allograft from potential
cytotoxic effects of allo-specific CD8* T cells and CD4*
Th1/Th17 cells (Saito et al., 2010). Indeed, a number
of murine models have demonstrated that induction of
allo-specific T cells can evoke abortion whereas T cell
tolerance to allogeneic antigens is a hall-mark of success-
ful pregnancy (Erlebacher, 2010). Furthermore, a recent
study demonstrated that epigenetic silencing of chemokine
receptors on the decidua prevents the accumulation of acti-
vated effector T cells (Nancy et al., 2012). However, even
allo-antigen non-specific T cells may produce inflamma-
tory cytokines that may have by-stander damaging effects
on the fetus. An immunoregulatory role for the placenta
in modulating a Th2 cytokine environment in successful
pregnancy was first proposed by Wegmann et al. (1993).
However, human and mouse trophoblast cells produce
and/or respond to both Th1 and Th2 cytokines (Lin et al.,
1993; Murphy et al., 2009). Furthermore, IL-4, IL-5, IL-9 and
IL-13 gene-deficient mice exhibit normal pregnancy, sug-
gesting that successful pregnancy can occur in the absence

ofapredominant Th2-biased response (Saitoetal.,2010).In
contrast, IFN+y, TNF and stimulation of TLRs that augments
aTh1 response result in resorptions in mice (Chaouat et al.,
1990) indicating a need to dampen this response. Thus, reg-
ulatory mechanisms operate at the feto-maternal interface
to down-modulate both allo-specific T cell responses and
damaging inflammation that may ensue from activation of
T cells (D’Addio et al., 2011; Guleria et al., 2005).

T regulatory cells (Tregs) are a major class of CD4*
T cells that express the transcription factor Foxp3 and
suppress immune responses against “self” and foreign
antigens in a variety of physiological and pathological sett-
ings (Allan et al.,, 2008). Two subsets of Tregs have been
recognized; thymic or peripheral origin; the latter differ-
entiating from CD4" T cells when binding their cognate
antigen in the presence of TGF[3 and absence of IL-6 (Allan
et al., 2008). In humans augmented Th1-type immunity
and decreased Tregs are observed following implantation
failure in assisted reproduction (Saito et al., 2010). Unex-
plained infertility and recurrent spontaneous abortion are
also associated with reduced expression of Tregs (Saito
et al., 2010). Maternal Tregs are already increased in the
lymph node of pregnant mice by days 2-3 of mating
(Aluvihare et al., 2004; Zenclussen et al., 2006), and are
evoked by the seminal plasma suggesting early induction
of anti-paternal tolerance (Guerin et al., 2011). However,
the expansion of Tregs Occurs in both allogenic and syn-
genic murine mating (Aluvihare et al., 2004). Nevertheless,
depletion of Tyegs results in pregnancy loss in allogeneic but
not syngenic mating (Aluvihare et al., 2004). Furthermore,
adoptive transfer of Tregs from normal pregnant mice res-
cues fetal rejection in abortion-prone matings (Zenclussen
et al., 2006). A pivotal recent study has shown that periph-
eral Foxp3 enhancer conserved sequence 1 (CNS1) that is
essential for peripheral Teg differentiation is present only
in placental mammals, and CNS1-deficient mice exhibit
high levels of inflammation, abnormal spiral artery remod-
eling and fetal resorptions (Samstein et al., 2012). Thus,
it has been suggested that the extrathymic differentia-
tion of Tregs has been specifically gained during evolution
of placental mammals to reinforce tolerance to paternal
alloantigens presented by the fetus during prolonged ges-
tation (Samstein et al., 2012).

Healthy human pregnancy is also associated with
a decrease in Th17 cells, whereas, recurrent spon-
taneous abortion is associated with increased IL-17
pro-inflammatory cytokine production and increased Th17
cell infiltration into the deciduas (Lee et al., 2012). Further-
more, a role for IL-6 trans-signaling to drive the conversion
of Tregs to Th17 cells in recurrent spontaneous abortion has
been suggested (Saito et al., 2010). Similarly, a bias toward
Th1/Th17 and away from Treg/Th2 cells and cytokines are
reported in pre-mature labor and pre-elampsia in women
(Saito et al., 2010). In mice as Th1 cytokines, TLR stim-
ulation or depletion of Treg cells can evoke resorptions
(Aluvihare et al., 2004; Chaouat, 2003), mechanistically
this may relate to a Treg/Th17 imbalance. Indeed, many
intracellular infections that are detrimental to pregnancy
induce IL1P and IL-6 cytokine production that can trig-
ger a conversion of Tregs to Th17 cells (Chaudhry et al.,
2009). Furthermore, other regulatory molecules such as
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indoleamine-2,3-dioxygenase (IDO) expressed by the tro-
phoblasts suppress Th17 differentiation (Baban et al., 2004,
2009). In conclusion, we surmise that the adaptive immu-
nity at the feto-maternal interface is delicately balanced
between a Th2/T;eg and Th1/Th17 phenotype to protect
the fetus from allo-recognition while providing sufficient
plasticity to counter infectious threats.

Overall, the similarities between physiological pro-
cesses, placentation and immune regulation in mice and
human make it a convenient model to study holistically
vivo responses to concurrent infection.

3. Pregnant women and infectious disease threat

Changes in physiology and immunity through the
course of gestation make pregnant women react differ-
entially to infections relative to the non-pregnant state.
For decades, it has been appreciated that cell-mediated
inflammatory disorders such as rheumatoid arthritis is
ameliorated (Klipple and Cecere, 1989) whereas antibody
mediated disorders such as systemic lupus erythemato-
sis (Hayslett, 1991), is exacerbated during pregnancy. The
Th2 response during pregnancy normally results in vigor-
ous antibody responses and can effectively eliminate most
extracellular pathogens (Jamieson et al., 2006). We first
demonstrated using a murine model, the bi-directional
cross-talk between pregnancy and Th1 immune response
to infections; Leishmania major increased adverse preg-
nancy outcome in infected mice even in the absence of
placental infection (Krishnan et al., 1996b). Conversely, the
Th2 bias in pregnancy increased maternal susceptibility to
L. major (Krishnan et al., 1996a). Infections that are threat

to the pregnant mother may be extra-uterine or colonize
the reproductive mucosa. The effects of infection in human
pregnancy are revealed during epidemiological analysis of
outbreaks. However, it is challenging to unravel the mech-
anism and dynamics of feto-maternal cellular interactions
that influence in vivo infection by utilizing in vitro human
placental cultures. Finally, select group of viruses, bacte-
ria, parasites all pose increased threat during pregnancy,
yet there is little commonality in their mechanisms of
pathogenesis. Murine feto-placental infection models have
increased our knowledge of modulation of immunity to
infection in pregnancy.

4. Murine feto-placental infections

Experimental infections initiated during gestation in
animal models can have three potential impacts; placen-
tal/fetal infections, acute maternal systemic illness and
long-term effects on the mother or fetus (Fig. 2). These
impacts may occur independently without consequence on
the other and can differ with dose and route of infection.
In the following sections, we will describe the modulation
of immunity to exemplar infections that have been stud-
ied in murine pregnancy (Table 1) and discuss their clinical
relevance.

4.1. Bacterial infections

Experimental infection of mice with a number of intra-
cellular bacteria; L. monocytogenes, Salmonella enterica
Typhimurium, Fusobacterium nucleatum, Campylobacter rec-
tus, Porphyromonas gingivalis, Coxiella burnetti, Brucella

<= Toxoplasma gondii
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Fig. 2. Modulation of immunity to infection in pregnancy. A schematic diagram showing the different ways in which infectious agents may interact with
the feto-maternal interface cells and trophoblast. The left panel shows that parasites such as T. gondii are controlled by a strong Th1 and cytotoxic CD8 T
cell response. The Th1 cytokines in an infected host may inflict damage to the trophoblast leading to fetal loss. The trophoblast inturn produces IL-10 and
anti-inflammatory cytokines that inhibit the Th1 response against the parasite. Macrophages and dendritic cells infected with the parasite may reach the
feto-maternal interface leading to trophoblast infection and congenital transmission. Prior antibody immunity in chronically infected mothers can prevent
congenital transmission. The middle panel shows that viruses such as influenza require a strong type I interferon response for clearance. However, this
response may be dampened in the pregnant host due to enhanced T regulatory cell numbers and Th2 cytokine bias. High viral titers in peripheral tissue
and severe maternal illness can occur despite lack of placental infection. The right panel shows that facultative intracellular bacteria such as Salmonella can
reach the feto-maternal interface by escaping the maternal blood or may be carried by infected macrophages and dendritic cells. Once in the feto-placental
milieu they efficiently infect trophoblast cells and profound pathogen proliferation ensues. This evokes massive inflammation and loss of placental tissue
integrity. The inflammatory cytokines evoked by placental infection may convert resident T regulatory cells into Th17 cells, culminating in fetal loss and
severe maternal illness.
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abortus and Chlamydophilus abortus (Arce et al., 2009; Caro
et al., 2009; Kim et al., 2005; Lin et al., 2003; Stein et al.,
2000) is deleterious during pregnancy (Table 1). Below, we
describe a few murine models of bacterial infection that
have been studied depth to delineate the immune mecha-
nisms involved.

4.1.1. Listeriosis

Listeria monocytogenes is a gram-positive, facultative
intracellular food-borne pathogen that causes severe sys-
temic disease mainly in immunocompromised individuals.
In pregnant women, L. monocytogenes infects the placenta
and causes miscarriage, stillbirth or neonatal meningo-
cephalitis (Benshushan et al., 2002). However, serious
maternal systemic listeriosis is rare.

The murine model of L. monocytogenes infection has
been widely studied to elucidate the pathogenesis of infec-
tion and mechanisms of host immunity. The F6214-1
(4nonb) strain of L. monocytogenes is more virulent than
the 10403S(1/2a) strain following intra-gastric inoculation
in both pregnant and non-pregnant mice (Hamrick et al.,
2003). It is usually difficult to reproduce placental infec-
tion after oro-gastric L. monocytogenes infection because
of the low numbers of bacteria that cross the intestinal
barrier in an immunocompetent mouse. However, intra-
venous inoculation of L. monocytogenes (dose range of 103
to 5 x 10°) in BALB/c mice at mid-gestation (days 12-14)
produces consistent placental infection with rapid fetal
loss (Abram et al., 2003). As early as 6h post infection,
bacteria were detected in the placenta, followed by ~2-log
units increase per day (Le Monnier et al., 2006). On day 1
bacteria were mainly visualized along the central arterial
canal adhering extraneously to the vascular wall or inter-
nalized within the invasive trophoblastic cells and were
absent from the decidua basalis (Le Monnier et al., 2006).
By day 2, the bacteria were visualized in both the proxi-
mal and distal central arterial canal and had spread to the
decidua, spongiotrophoblast and trophoblastic giant cells.
By day 3 bacteria pervaded all layers of the placenta includ-
ing the labyrinth. The profound placental proliferation of
L. monocytogenes occurs even in pre-immunized mice that
are protected from infection in other organs (Abram et al.,
2003). However, not all placentas are infected within the
same uterus.

Human trophoblast cells (akin to intestinal epithe-
lial cells) express E-cadherin receptor that binds L.
monocytogenes surface protein InlA (Lecuit et al., 2004).
However, mice lack E-cadherin receptor, and L. monocyto-
genes strains lacking InlA and InlB can infect the murine
placenta, indicating other mechanisms contribute to feto-
placental infection (Seveau et al.,, 2007). In contrast, L.
monocytogenes-ActA mutant is unable to infect murine
fetuses suggesting an involvement of this gene in cell-
to-cell spread of bacteria through trophoblast layers (Le
Monnier et al., 2007). A key observation was that tro-
phoblasts of infected mice augmented a profound Thl
cytokine response, which led to neutrophil recruitment
and limited spread of bacteria to the fetal side (Guleria
and Pollard, 2000). Augmentation of innate immunity using
CpG oligonucleotide pre-treatment of mice also decreased
placental L. monocytogenes infection (Ito et al., 2004).

Similarly, human invasive extra villous trophoblast and
syncytiotrophoblast cells have been shown torestrict intra-
cellular spread of L. monocytogenes (Zeldovich et al., 2011).

Interestingly, pregnancy does not increase systemic sus-
ceptibility to L. monocytogenes infection. Pregnant mice
infected with L. monocytogenes augmented reduced IFNvy
and increased IL-10 serum cytokine response suggesting a
weaker systemic Th1 response to infection (Abram et al.,
2003). However, the spleen and liver of pregnant L. mono-
cytogenes infected mice exhibited lower bacterial burden
and increased serum IL-6 relative to virgin infected mice
(Krishnan et al., 2010; Le Monnier et al., 2006). We also
demonstrated that pregnant mice infected with L. mono-
cytogenes induce a potent systemic CD8* T cell response,
long-term memory and resistance to secondary infection
(Krishnan et al., 2010). In general, trophoblast cells provide
a safe niche for Listeria monocytogenes proliferation but
innate immunity curtails spread of infection at the feto-
maternal interface.

4.1.2. Salmonellosis

Salmonella enterica species are food-borne gram-
negative facultative intracellular bacteria. Clinically,
typhoid fever is caused by Salmonella typhi and Salmonella
paratyphi, whereas enteric fever is caused by a large
number of non-typhoidal Salmonellae (NTS). Host immu-
nodeficiency does not increase susceptibility to typhoid
fever, although placental infection and vertical transmis-
sion may occur (Hedriana et al., 1995). In contrast, NTS
Salmonellosis is emerging as a major invasive disease in
immunocompromised individuals, particularly in HIV-
comorbidity in sub-Saharan Africa (Feasey et al., 2012).
Salmonella infection during human pregnancy can cause
spontaneous abortion, neonatal death and vertical trans-
mission to the neonate besides maternal morbidity due to
septic shock, osteomyelitis, polynehpritis and endocarditis
(Gyang and Saunders, 2008; Ozer et al., 2009; Schloesser
et al., 2004; Scialli and Rarick, 1992; van der Klooster and
Roelofs, 1997).

S. enterica serotype Typhimurium (ST) is a natural
pathogen for rodents and as early as 1893 was identified
as the causative agent of murine typhoid (Santos et al.,
2001). Genetically susceptible strains of mice infected with
ST develop fever between 4 and 8 days post oral infec-
tion without diarrhea. Gross intestinal pathology includes
diffused enteritis and localized inflammation in the ileal
region (Santos et al., 2001). Furthermore, susceptible mice
(C57BL/6) develop rapid increase in bacterial burden in
spleen, liver and ceaca, and pro-inflammatory cytokine
production leading to fatality within 10-15 days. In con-
trast, resistant strains of mice develop a chronic systemic
infection without fatality (Luu et al., 2006).

We first observed that ST infection initiated intra-
venously in resistant strains of mice (129X1Sv/] and
C57129F1) during pregnancy resulted in a rapid and fatal
systemic infection, characterized by 1000-fold greater
splenic bacterial burden relative to non-pregnant mice
(Pejcic-Karapetrovic et al., 2007). Three sequential events
appear to contribute to ST-induced feto-maternal pathol-
ogy; profound bacterial growth in the placenta, induction
of massive placental inflammation, and weak splenic
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innate immune response (Fig. 2). Firstly, following
hematogenous infection with 103 bacteria, few (<50)
reached the feto-placental tissue. Astoundingly, the pla-
cental bacterial burden increased to 10°-107 by 14-30h
indicative of a bacterial doubling time of <2 h. In contrast
the doubling time of the bacteria in the systemic organs was
>10h. ST infection evoked profound placental production
of pro-inflammatory cytokines, TNFa, IL-6, G-CSF, IFNy and
IL-18 (Chattopadhyay et al., 2010). The avirulent ST AaroA
strain did not evoke this inflammatory response despite
placental proliferation. Furthermore, infection with the
virulent wild-type strain led to massive GR-1 positive neu-
trophil infiltration throughout the labyrinth trophoblast
(Chattopadhyay et al.,2010). Infected placentas rapidly lost
tissue integrity exhibiting substantially reduced decidua
and highly necrotic labyrinth. Furthermore, wild-type ST
bacteria were found dispersed throughout the necrotic
labyrinth trophoblast within 48 h post-infection. In con-
trast, avirulent ST AaroA bacteria were localized to the
decidua, and did not evoke placental inflammation and
fetal loss. We speculate that inflammation is triggered
when virulent Salmonella infects the labyrinth trophoblast.
Indeed, Salmonella utilize a specialized type Il secretion
system to invade non-phagocytic cells (Valdez et al., 2009).
Furthermore, Salmonella secrete ~30 different effector pro-
teins into infected cells via their type Ill secretion apparatus
which aids intracellular survival. Therefore, Salmonella can
rapidly and easily spread across placental layers, even in
the absence of tissue infarction. Bacteria may gain access
to maternal decidua either directly or via infection of
macrophages or reach the labyrinth trophoblast by escap-
ing the blood sinusoids.

Innate immunity to ST plays a critical role in control-
ling infection as adaptive immunity to this pathogen is
substantially delayed (Luu et al., 2006). Thus, ST infec-
tion in non-pregnant mice is characterized by increase in
numbers of macrophages, dendritic cells, neutrophils and
conspicuous increase in NK cells by 48 h, whereas this
response is abrogated in pregnant-infected mice (Pejcic-
Karapetrovic et al., 2007). Furthermore, the splenic NK cell
cytotoxic function and serum IL-12 response was damp-
ened in pregnant ST-infected hosts. However, the levels
of certain inflammatory chemokines/cytokines such as
IL-6, BLC (B lymphocyte chemoattractant)/CXCL13, granu-
locyte colony-stimulating factor (G-CSF), IL-1R antagonist
(IL-Ra), I-309/CCL1, KC, CCL12 and MIP-2 were up regu-
lated 5-30-fold in the serum of pregnant ST infected mice
(Chattopadhyay et al., 2010). Interestingly, serum IL-10
was also increased in pregnant-infected mice, suggest-
ing a counter host response to overcome inflammation.
Crucially, depletion of systemic IL-6 in vivo by antibody
treatment significantly decreased splenic burden of viru-
lent bacteria relative to untreated pregnant-infected mice
(Chattopadhyay et al., 2010). Thus, the mouse model
suggests that Salmonella have evolved mechanisms for
systemic dissemination in the pregnant host and cause
a cytokine-storm mediated immunopathology. With the
emergence of invasive NTS disease in immunocompro-
mised hosts, susceptibility of pregnant women needs
to be investigated carefully. A murine gut colonization
model of Salmonella infection, after treatment of mice with

streptomycin closely mimics gastroenteric fever (Santos
etal.,2001) and may provide insight into the dissemination
mechanism of NTS in immunocompromised humans.

4.1.3. Bacteria causing periodontal infections

Maternal periodontitis has emerged as a putative risk
factor for pre-term births in humans wherein the bacteria
associated with dental biofilm hamatogenously dissem-
inate and infect the placenta (Cetin et al., 2012). Thus,
there has been interest generated in studying the immune
response to infection in pregnant mice infected with bacte-
ria that can induce periodontal infections. F. nucleatum
is one such anaerobic pathogen implicated in periodon-
tal infections and placental chorioamnionitis (Gauthier
et al., 2011). Systemic infection initiated on day 14.5 of
murine pregnancy resulted in only transient maternal sys-
temic colonization (Han et al., 2004). Similar to Listeria and
Salmonella, localization of a small numbers of bacteria to
the uterine decidua resulted in overwhelming placental
infection, with premature delivery and/or stillbirth. How-
ever, organisms were suggested to enter the labyrinth only
afterischemic necrosis and tissue infarction due to decidual
vascular thrombosis (Han et al., 2004). Interestingly, infec-
tion of Toll-like receptor 4 (TLR4) but not TLR2 knockout
mice prevented necrosis and inflammation and reduced
fetal loss but did not affect bacterial titers in the placenta
(Liuetal.,2007), implicating inflammation rather than bac-
terial burden as a cause of adverse pregnancy outcome. In
another model, infection of mice with C. rectus or P. gin-
givalis increased expression of TLR4 occurred in infected
labyrinth trophoblasts (Arce et al., 2009) suggesting that
infection-induced danger signal recognition may trigger
focal necrosis, neutrophils infiltration of the labyrinth and
fetal loss.

Thus, murine models have revealed that following vivo
infection, infected trophoblasts cells may augment an
inflammatory cascade that triggers fetal loss, perhaps to
preserve the mother for future successful pregnancy.

4.2. Parasitic infections

Parasitic infections in pregnancy pose multiple chal-
lenges due to cyclical parasitic life stages, differential
tissue tropism at specific stages, acute or chronic phases of
infection. Several parasitic infections such as malaria, toxo-
plasmosis, trypanosomiasis and schistosomiasis are either
exacerbated in the pregnant host or lead to vertical dis-
semination of infection (Cardoni and Antunez, 2004; Dauby
et al., 2012; Diaz-Lujan et al., 2012; Friedman et al., 2007;
Hviid et al., 2010). Below are two murine models of par-
asitic infections that have been extensively studied in the
context of the pregnant host.

4.2.1. Malaria

An estimated 300-500 million cases of malaria infection
occur worldwide and women and children are at high risk
of contracting severe illness (Hviid et al., 2010). A semi-
nal study revealed that binding of Plasmodium falciparum
infected erythrocytes to placental chondriotin sulphate A
(CSA) results sequestration of the parasite to the feto-
maternal interface (Fried et al., 2006). A number of African
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rodent malaria species were identified between 1948 and
1960 and two main strains have been extensively studied;
Plasmodium chabaudi and Plasmodium berghei (Hviid et al.,
2010; Stephens et al., 2012). Human malaria is character-
ized by cyclical fever and schizogony wherein the parasites
invade particular erythrocyte populations. In contrast, in
mice fever is not often noted, yet other syndromes such as
sequestration of infected erythrocytes in organs, anemia
and malaise are analogous to human infection (Hviid et al.,
2010).

P. berghei infections are generally fatal for non-immune
mice although pregnancy accelerates the clinical course
of infection and causes resorptions, intrauterine growth
retardation, pre-maturity and vertical infection. Murine
placental infection is characterized by basal zone necrosis,
syncytiotrophoblast hyperplasia, mononuclear infiltration,
sinusoid constriction and accumulation of infected eryth-
rocytes (Hviid et al., 2010). Most importantly, binding of
P. berghei infected erythrocytes to placental tissue was
inhibited by soluble CSA, indicating a similar mechanism of
sequestration of infected erythrocytes as in humans (Neres
et al., 2008). P. berghei infection also contributes to pla-
cental inflammation marked by increase in chemokines
such as MIP-1a, CCL2, and consequent tissue damage.
A model of recrudescent infection involves exposure to
P. berghei prior to mating (Marinho et al., 2009). Infec-
tion then remains latent, and recurs during the second
week of gestation, when parasitaemia suddenly rises, lead-
ing to infected erythrocyte sequestration in the placenta,
inflammation-induced pathology and poor fetal outcome.
This model mimics P. falciparum infection in pregnant
women from endemic regions, including the influence
of parity, as the clinical consequences were more pro-
nounced in first pregnancy in pre-immune mice. This
model revealed that multiparity decreased susceptibility
to malaria due to increased IgG specific for the variant sur-
face antigens expressed by the parasite during pregnancy
(Megnekou et al., 2009).

P. chabaudi parasitemia is also initially accelerated
in non-immune C57BL/6] mice infected in early preg-
nancy. However, the more pronounced effect was placental
sequestration of P. chabaudi infected erythrocytes and
higher levels of IL-1 and IFN+y particularly at the time of
resorptions (Su and Stevenson, 2000). Interestingly, treat-
ment with neutralizing TNFa antibody was reported to
reduce fetal loss (Poovassery et al., 2009). Thus, murine
models of placental malaria have shed light on innate
mechanisms of immunity to placental malaria and its cor-
relation to fetal health although role of adaptive immunity
needs to be elucidated.

4.2.2. Toxoplasmosis

Toxoplasma gondii is an obligate intracellular protozoan
parasite that usually causes primary asymptomatic or
subclinical infection but can lead to chronic latent disease
that may be reactivated in immunocompromised hosts
(Pappas et al., 2009). The main threat of T. gondii infection
during pregnancy is congenital infection of the fetus, par-
ticularly when primary infection occurs in women during
gestation (Montoya and Remington, 2008). In women
the frequency of vertical transmission increases when

infection is acquired at later gestational age, whereas
infection early in pregnancy may result in severe fetal
abnormalities and abortion (Menzies et al., 2008; Montoya
and Remington, 2008). The murine model of T. gondii
infection mimics many aspects of human congenital
infection (Menzies et al., 2008).

BALB/c mice infected with various strains of T. gondii for
the first time during pregnancy vertically transmit the par-
asite to the fetus (Roberts and Alexander, 1992). However,
chronically infected BALB/c mice do not transmit disease to
the fetus, even if re-exposed to T. gondii during pregnancy
which resembles chronic infection in healthy women who
do not transmit the disease to the fetus (Menzies et al.,
2008). The innate immune response to T. gondii infection
is orchestrated through recognition of pathogen specific
molecular patterns, which in turn shape effective adaptive
immunity. T. gondii GPI-anchors serve as effective ligands
for TLR2 and TLR4 whereas HSP70 ligates TLR4 and stimu-
lates macrophage maturation (Debierre-Grockiego et al.,
2007; Mun et al., 1999). Furthermore, T. gondii profilin
interacts with TLR11 in mice, and cyclophilin binds the
CCR5 receptor (Aliberti et al., 2003; Menzies et al., 2008).
Thus, the recognition of T. gondii danger signals stimulates a
cascade of innate cellular and soluble responses; robust NK
cell activation, dendritic cell maturation, macrophage acti-
vation and production of IFN+, IL-12, TNFa and iNOS which
together limit parasite tachyzoite replication (Coutinho
et al,, 2012; Miller et al., 2009). Indeed dendritic cell acti-
vation following T. gondii infection in mice is rapid; within
a few hours most splenic CD11c* cells have migrated from
the red pulp to the T cell areas producing IL-12 (Miller et al.,
2009). This in turn triggers a strong Th1 and CD8* T cell
response against the pathogen and sustained IFNvy produc-
tion (Menzies et al., 2008). Importantly, the pathogenesis
of T. gondii infection in mice reveals the critical balance
of Th1 and Th2 response for control of parasitemia while
minimizing overt inflammation. Thus, IL-10 diminishes the
ability of macrophages to kill T. gondii, but mice deficient in
IL-10 die following T. gondii infection due to cytokine shock
(Gazzinelli et al., 1996).

As successful pregnancy is associated with a regu-
lated innate and Th1/Th2 response at the feto-maternal
interface, the immune response to T. gondii infection
may favor abortion in pregnant mice. Alternatively, preg-
nancy induced down-modulation of the Th1 response may
interfere with the mechanisms that effectively control par-
asite multiplication and promote congenital transmission
(Fig. 2). Both these aspects have been examined in vari-
ous strains of mice (Coutinho et al., 2012). C57BL/6 mice
experience higher rates of resorptions than the BALB/c
strain following T. gondii infection and this correlates to
higher levels of decidual necrosis and systemic TNF-a lev-
els (Coutinho et al., 2012). However, T. gondii infection in
pregnant mice results in minimal parasites in the uterus
and decidua suggesting that pregnancy loss is directly
attributable to the strong Th1l inflammatory response
rather than high parasite burden at the feto-maternal inter-
face (Coutinhoetal.,2012). Conversely, pregnancy-induced
modulation of Th1/Th2 response against T. gondii increases
maternal susceptibility and congenital transmission of the
parasite in murine models. For example, pregnant mice
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exhibit increased mortality following T. gondii infection
relative to non-pregnant mice and this correlates to a
decreased production of IFN+y (Luft and Remington, 1982).
Hence, survival of T. gondii-infected pregnant mice can
be increased by administration of IFNvy or IL-2 (Shirahata
et al,, 1992, 1993). Furthermore, anti-IFNy treatment or
depletion of CD8* T cells producing IFNvy increases mater-
nal parasitemia and enhances congenital transmission in
T. gondii-infected mice (Abou-Bacar et al., 2004; Shirahata
et al., 1994). This correlates to increased T. gondii para-
sites seen it the uterus and placentas of mice deficient in
IFNvy (Shiono et al., 2007). Similarly, depletion of NK cells
increases the congenital transmission of T. gondii in RAG2
—/— but not wild-type pregnant mice, suggesting a com-
pensatory role of T and B cells as well (Combe et al., 2005).
Maternal vaccination against T. gondii in mice has been suc-
cessful in preventing congenital transmission to the fetus
(Menzies et al., 2008). Thus, mouse models have revealed
the critical balance of Th1 and Th2 immunity to T. gondii
during pregnancy (Fig. 2).

4.3. Viruses

Pregnancy poses an increased risk of severe mater-
nal illness due to a number of acute and chronic viral
infections; the common rhinovirus, influenza virus, SARS
coronavirus and Varicella zoster, Hepatitis E/B, HIV and
cytomegalovirus (Harger et al., 2002; Jamieson et al., 2009;
McDonagh et al., 2004; Wong et al., 2003). Viral infections
can also lead to pre-term birth and other pregnancy com-
plications (Jamieson et al., 2006). However, few murine
models are available to study pathogenesis of viral infec-
tions.

4.3.1. Influenza

The increased risk of severe illness following influenza
infection during pregnancy has been observed during all
the major pandemics (Jamieson et al., 2009; Pazos et al.,
2012a). Systemic infection with mouse adapted influenza
virus strains results in severe morbidity and maternal
mortality in pregnant mice (Marcelin et al., 2011; Pazos
etal., 2012b). A model that closely resembles human respi-
ratory illness, is infection by the intranasal route with
aerosolized lethal PR8 or non-lethal X31 influenza virus
at gestational day 10.5 (Pazos et al., 2012b), leading to
pronounced increase in pulmonary viral titers in pregnant
mice. The fetuses also exhibited significant intrauterine
growth retardation and were delivered pre-term. Interest-
ingly, treatment of mice with estrogen pellets increased
their susceptibility to influenza virus infection challenge
(Pazos et al., 2012b). Type I interferons play a key role
in immunity to viral infections. Pregnant mice infected
with influenza virus exhibited substantially reduced IFN(3
mRNA and interferon stimulating genes in the lung and
also systemic organs not directly infected with the virus
(Pazos et al., 2012b). Similarly, infected pregnant mice
show reduced lung expression of inflammatory cytokines
such as IL-13 and TNFa on day 3 post-infection although
number of innate immune cells (NK cells and DCs) were
not reduced. In contrast, the splenic CD8* T cell cyto-
toxic response to influenza infection was reduced in both

pregnant and estrogen-treated animals relative to the non-
pregnant state (Pazos et al., 2012b). In another study,
aerosol inhalation of the pandemic A (H1N1) influenza
strain by pregnant BALB/c mice evoked host fatality that
correlated to increased infiltration of macrophages and
neutrophils into the respiratory mucosa although viral
titers in various organs were similar in pregnant and non-
pregnant animals (Marcelin et al.,2011). Thus, immunity to
influenza is compromised during pregnancy despite lack of
placental infection (Fig. 2).

5. Conclusions and quo vadis

Murine models have long been used to unravel indepen-
dently host-pathogen interactions or immune tolerance
during pregnancy. However, immunity to only a few
pathogens has been closely examined in pregnant mice.
The knowledge of placental defenses against infection
is often derived from vitro models of human placental
cultures. Murine models can complement vitro studies
to elucidate the manner in which placental barrier is
breached. The two potential sites of transmission of infec-
tion to the placenta are (1) the blood-syncytiotrophoblast
in human and labyrinth trophoblast in mouse interface
where the placenta is bathed in maternal blood and (2) the
uterus-trophoblast interface wherein the extra villous tro-
phoblast in humans or giant trophoblast in mouse invade
the uterine epithelium and come in contact with maternal
immune cells. In vitro studies indicate that the human extra
villous and syncytiotrophoblast cultures can be resistant
to intracellular infections (Robbins and Bakardjiev, 2012).
In vivo infection in mice can complementarily elucidate
the sequence of key events during pathogenesis; primary
site of infection, inflammation, tissue infarction and ver-
tical transmission which may be variably modulated by
pathogens.

Murine models are also convenient for examining the
concurrent effect of multiple danger signals during gesta-
tion which may occur in endemic regions during secondary
heterologous infections in chronically infected hosts, or
recognition of multiple molecular patterns on the same
pathogen by the immune cells. Indeed, in an elegant recent
study, pregnant mice infected with murid herpes virus
(MHV) demonstrated increased sensitivity to subsequent
exposure to even low doses of bacterial lipopolysaccha-
ride (Cardenas et al., 2010). Similarly, a two-hit mechanism
of exposure to TLR2 and TLR4 ligands synergistically trig-
gered pre-mature labor in mice (Ilievski and Hirsch, 2010).
Another emerging concept is the role of the gut micro-
biome and stress-induced disequilibrium of danger signals
in triggering adverse pregnancy outcome (Friebe and Arck,
2008). The interaction of endogenous danger signals with
exogenous infection can be easily addressed in pregnant
mice.

A recent revelation is that immunotolerance mecha-
nisms such as naturally occurring T regulatory cells in
pregnancy create holes in host defense to pathogens such
as Listeria and Salmonella (Rowe et al., 2011). Many infec-
tions augment IL-6 production and IL-6 trans-signaling can
convert the Treg cells to Th17 cells (Chaudhry et al., 2009).
In humans, Th1/Th17-type immunity and decreased Treg
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cells are observed following implantation failure in assisted
reproduction, unexplained infertility, recurrent sponta-
neous abortion (RSA), pre-eclampsia and pre-mature labor
(Saito et al.,, 2010). These adverse pregnancy events may
also have an infection etiology. Murine models may unravel
the link between Tregs, Th17 and IL-6 in modulating
response to infection during pregnancy.

Chronic maternal infections during pregnancy may
affect the fetal immune system even without vertical trans-
mission (Dauby et al., 2012). Deleterious effects such as
modified neonatal immunity to vaccination and neuro-
logical disease in the offspring of infected mothers may
occur (Elovitz et al., 2011). Alternatively, beneficial trans-
mission of immune memory or reduction in allergy to the
neonate may ensue (Stern et al., 2007). Experimental infec-
tion in murine pregnancy can provide a controlled setting
to delineate the mechanism of such effects. Prophylaxis and
treatment of infectious disease in endemic regions may also
need differential approach during pregnancy for maximum
effectiveness. Overall, only through the study of in vivo
models can we unravel the complex bi-directional cross-
talk between host immunity to infection and pregnancy.
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